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a b s t r a c t

Fully bio-based nanocomposites were prepared using starch nanoparticles obtained by acidic hydrol-
ysis of waxy maize starch granules as reinforcement. The same type of starch, which contains 99 wt.%
amylopectin, was used to prepare glycerol plasticized and unplasticized matrices. The X-ray diffraction
pattern of the plasticized reinforced materials displays both A and B-type peaks, showing that the crys-
talline structure of the nanocrystals was not affected by processing. The storage modulus of the composite
eywords:
iodegradable
anocomposites
tarch
anocrystals

material increases, with respect to the unfilled film, by 470% at 50 ◦C, while the permeability increases
by 70%. This is probably due to a good association of glycerol with the nanoparticles leading to a fibrillar
structure, studied by scanning electron microscopy of plasticized and unplasticized composites.

© 2010 Elsevier Ltd. All rights reserved.
axy maize
lycerol

. Introduction

Petrochemical based polymers predominate in many applica-
ions such as packaging of foods due to their easy processing,
xcellent barrier properties and low cost. However, there is cur-
ently an increasing interest in replacing conventional synthetic
olymers by more sustainable materials. The permanent search
or materials to delay the imminent shortage of petrochemical
esources has become more intense, driving the development of
ew biopolymers obtained from renewable resources. The pack-
ging industry dependence on non-renewable fossil resources will
learly be reduced considerably, in accordance with international
rends of caring for the environment.

In this context, starch is a promising material because of its
ersatility, low price and availability. It is a semi-crystalline poly-
er stored in the form of granules as reserve in most plants, and

omposed of repeating 1,4-�-d glucopyranosyl units: amylose and

mylopectin. The amylose is an almost linear polymer, in which the
epeating units are linked by � (1–4) linkages; the amylopectin has
(1–4)-linked backbone and ca. 5% of � (1–6)-linked branches. The

atio of amylose to amylopectin depends upon the plant source. For

∗ Corresponding author. Tel.: +54 11 45763300; fax: +54 11 45763357.
E-mail address: goyanes@df.uba.ar (S. Goyanes).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.11.024
waxy maize starch, the amount of amylopectin is approximately
99 wt.%. (Thomas & Atwell, 1997)

Starch has received considerable attention as a biodegradable
thermoplastic polymer. It is not truly thermoplastic but can be
converted into a continuous polymeric entangled phase by mixing
with enough water or plasticizer (generally polyols, such as glyc-
erol). The resulting material can be manufactured using technology
already developed for the production of synthetic plastics, thus rep-
resenting a minor investment. However, the hydrophilic nature of
thermoplastic starches makes them susceptible to moisture attack
with the resultant changes in dimensional stability and mechani-
cal properties. In addition, retrogradation and crystallization of the
mobile starch chains lead to undesired variations of its thermo-
mechanical properties. In fact several properties change with the
type of starch used (García, Famá, Dufresne, Aranguren, & Goyanes,
2009); the manufacturing process (Flores, Famá, Rojas, Goyanes,
& Gerschenson, 2007); and aging, (Famá, Goyanes, & Gerschenson,
2007).

Tailored improved properties can be obtained by adding fillers
into thermoplastic starch, preserving its biodegradability in the

case of biodegradable fillers. For example, Chillo et al. (Chillo, Flores,
Mastromatteo, Conte, Gerschenson, & Del Nobile, 2008) worked
in chitosan/starch composite films, and showed that the tensile
strength value increases with increasing chitosan concentrations,
but the effect on the elongation at break results negligible. Simi-

dx.doi.org/10.1016/j.carbpol.2010.11.024
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:goyanes@df.uba.ar
dx.doi.org/10.1016/j.carbpol.2010.11.024
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A SEM with Field Emission Gun (FEG) Zeiss DSM982 GEMINI was
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ar behavior was reported by Famá, Bittante, Sobral, Goyanes, and
erschenson (2010), in wheat bran/starch composite films. The
omposites show an important improvement in the storage mod-
lus and hardening keeping elongation at break as high as 70%.

However, the presence of other biodegradables fillers such as
arlic powder (Famá et al., 2010) or Nisin (Imran, El-Fahmy, Revol-
unelles, & Desobry, 2010), usually incorporated into the matrix as
ntimicrobial agents, leads to detriments in the tensile strength
nd elastic modulus values and to an increase of the strain to
reak.

Promising fillers are polysaccharide nanocrystals, where the
ano-sized fillers can impart enhanced mechanical and barrier
roperties. Following this strategy, nanocomposite materials have
een prepared from plasticized starch reinforced with cellulose
icrofibrils (Dufresne, Dupeyre, & Vignon, 2000; Dufresne, &
ignon, 1998; Kumar & Singh, 2008; Martins, Magina, Oliveira,
reire, Silvestre, Neto, & Gandini, 2009), cellulose nanocrystals
Anglès & Dufresne, 2000, 2001; Chang, Jian, Zhen, Yu, & Ma,
010; Mathew & Dufresne, 2002; Mathew, Thielemans, & Dufresne,
008; Teixeira, Pasquini, Curvelo, Corradini, Belgacem, & Dufresne,
009), or starch nanocrystals (Angellier, Molina-Boisseau, Dole,

Dufresne, 2006; Viguié, Molina-Boisseau, & Dufresne, 2007;
arcia, Ribba, Dufresne, Aranguren, & Goyanes, 2009; Kristo &
iliaderis, 2007). In the case of the work of Angellier et al. (2006),
he authors limited the study to the reinforcing properties of
axy maize starch nanocrystals (tensile tests, DMA) with filler

ontent between 0 and 15 wt.%. In a later work, Garcia et al.
2009), using another kind of matrix (cassava starch) showed
hat the addition of nanocrystals not only improved the mechan-
cal properties but also reduced the water vapor permeability by
0%.

These systems are complex and composed of amorphous and
emi-crystalline starch domains, polysaccharide filler, main plasti-
izer – glycerol – and water, interacting competitively. From the
bove discussed investigations, it appears that one of the main
ssues determining the final properties of the materials is the loca-
ion of the main plasticizer within these systems, which is very
ifficult to control. In a recent work, García et al. (2009), have
hown, employing glycerol as plasticizer in biofilms based on waxy
aize and cassava starches, that the glycerol produces stronger

nteractions with the cassava starch than with the waxy starch
atrix. This feature has a major effect on most of the properties

f the ensuing composites.
The main objective of the present work was to investigate the

ffect of a low content (2.5 wt.%) of starch nanocrystals obtained
y acid hydrolysis of waxy maize starch granules in a glycerol
lasticized waxy maize starch matrix. Mechanical properties and
ermeability were characterized, and the results were explained

n terms of the localization of glycerol in the sample. The results
f both characterizations are essential when using these mate-
ials in the packaging industry. The mechanical properties when
andling the material and the permeability since the diffusing
umidity from or towards the content will change its organolep-
ic properties or/and change its sensitivity to microbial attack.
o explain the results, samples without glycerol were prepared
nd compared in terms of their thermal degradation and fracture
orphology.

. Experimental

.1. Materials
Waxy maize starch (N-200) as a white powder, was kindly pro-
ided by Roquette Freres S.A. (Lestre, France). Glycerol (J.T. Baker,
9% purity) and sulfuric acid (J.T. Baker) were purchased from

nterchemistry S.A., Argentina.
lymers 84 (2011) 203–210

2.2. Preparation of starch nanocrystals

Waxy maize starch nanocrystals were obtained according to
a previously described method (Angellier, Choisnard, Molina-
Boisseau, Ozil, & Dufresne, 2004). Briefly, acidic hydrolysis of
36.725 g of waxy maize starch granules was performed in a 250 ml
3.16 M H2SO4 solution, at 40 ◦C and 100 rpm. The mixture was sub-
jected to an orbital shaking action during 5 days. Subsequently, the
ensuing insoluble residue was washed with distilled water and sep-
arated by successive centrifugations at 10,000 rpm and 5 ◦C, until
neutrality. The aqueous suspensions of starch nanoparticles were
stored at 4 ◦C after adding several drops of chloroform.

2.3. Preparation of plasticized and unplasticized films

Thermoplastic starch was processed by casting a mixture of
waxy maize starch granules, glycerol and distilled water. A quan-
tity of 10 g of starch and 5 g of glycerol as plasticizer was dispersed
in 185 g of distilled water (the weight percentages, wt.%, relative
to the dry total mass (starch + plasticizer) are 66.6 wt.% of starch
and 33.3 wt.% of glycerol. Similar amounts were used in previous
work (Famá, Rojas, Goyanes, & Gerschenson, 2005; Famá, Flores,
Gerschenson, & Goyanes, 2006; Famá et al., 2007, 2010; Flores,
Haedo, Campos, & Gerschenson, 2007; Flores, Famá et al., 2007).
The mixture was heated from room temperature at a heating rate
of 1.59 ◦C min−1 under mechanical stirring during 28 min until
gelatinization, which occurred at ∼70 ◦C. After gelatinization, the
gel was degassed for 30 min under vacuum mechanical pump-
ing, according to Famá et al. (2005), and García, Ribba, Dufresne,
Aranguren, and Goyanes, 2009). The nanocomposite films were
prepared by adding the aqueous suspension of waxy maize starch
nanocrystals in the desired quantity (2.5 wt.% relative to the dry
total mass, starch + plasticizer + nanocrystals). Then, the mixture
was stirred for 10 min at 250 rpm and degassed for 1 more hour. The
ensuing mixture was cast in a plastic mold and evaporated in a ven-
tilated oven at 50 ◦C for 48 h. Solid films having a thickness between
200 and 300 �m were obtained. Matrix and composite films were
stored at 43% relative humidity (RH) (K2CO3 saturated solution) for
two weeks before characterization and testing. It is worth mention-
ing that due to the high content of glycerol, it would be inappropri-
ate to work with the films conditioned at high relative humidity,
since they would not have the appropriate characteristics.

Unplasticized samples, unfilled and composite containing
2.5 wt.% of nanocrystals, were prepared and stored in the same way
as plasticized samples.

2.4. Characterization

2.4.1. Transmission electron microscopy (TEM)
Transmission electron micrographs of starch nanocrystals were

taken with an EM 301 Philips transmission electron microscope
using an acceleration voltage of 60 kV. A dilute starch nanocrystals
suspension was sonicated during 10 min. After sonication, a drop of
the starch nanocrystals suspension was deposited onto a carbon-
coated microscopy grid and negatively stained with an aqueous 2%
solution of uranyl acetate during 1 min. The liquid in excess was
blotted with filter paper and the remaining liquid was dried before
the specimen observation.

2.4.2. Field emission scanning electron microscopy (FE-SEM)
used to examine the morphology of starch nanoparticles, a drop of
the starch nanocrystals suspension was deposited onto a carbon-
coated microscopy grid. The cryogenic fractured surfaces of films
were also examined. In this last case, the samples were coated with
a thin sputtered gold layer before analysis.
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zation in form of clusters as well as Capron, Robert, Colonna, Brogly,
and Planchot (2007). Similar structures were observed by Waigh,
Kato, Donald, Gidley, Clarke, and Riekel (2000).
N.L. García et al. / Carbohyd

.4.3. Dynamic mechanical analysis (DMA)
Dynamic mechanical measurements were performed for the

atrix and composite, using a Dynamic Mechanical Thermal Ana-
yzer (DMTA IV) Rheometric Scientific equipment working in
he rectangular tension mode at 1 Hz, in the temperature range
etween −120 and 70 ◦C, at a heating rate of 2 ◦C min−1. The dimen-
ions of the samples were 25 mm × 9 mm × 0.4 mm. The samples
ere subjected to a cyclic strain lower than 0.04%. This strain value
as sufficiently low to insure that the mechanical response of

he specimen was within its linear viscoelastic range. The set up
llowed determining the storage modulus E′, the loss modulus E′′

nd the ratio of these two parameters, tan ı = E′′/E′

.4.4. Water vapor permeability (WVP)
WVP tests were conducted using ASTM E96-00 (1996). Film

pecimens were conditioned for two weeks in desiccators at 25 ◦C
nd 43% RH (equilibrium with a K2CO3 saturated solution) before
eing analyzed. Each film sample was sealed over a circular open-

ng of 21.85 mm in diameter in a permeation cell that was stored at
5 ◦C in desiccators. To maintain a 58% RH gradient across the film,
ilica gel (0% RH), activated at 200 ◦C, was placed inside the cell and
sodium bromide (NaBr) saturated solution (58% RH) was placed in

he desiccators, outside the cell. Water vapor transport was deter-
ined from the weight gain of the permeation cell. After reaching

he steady state condition (about 2 h), eight weight measurements
ere made over the first 24 h, followed by one measurement per
ay during ten days. Changes in the weight of the cell were recorded
o the nearest 0.0001 g and plotted as a function of time for 10 days.
ells were carefully shaken horizontally after every weighing. The
lope of each line was calculated by linear regression (R2 > 0.99) and
he rate of water vapor transfer (WVT, g h−1 m−2) was determined
rom the slope of the straight line (g h−1) divided by the cell area
m2). The thickness of each film was measured with a microscope
t six randomly selected points after the permeation test. Three
eplicate samples were analyzed. The WVP was calculated as:

VP = WVT
S(R1 − R2)

× T (1)

here S is the saturation vapor pressure of water at the test tem-
erature (25 ◦C), R1 is the relative humidity in the desiccators, R2

s the relative humidity inside the permeation cell, and T is the film
hickness.

.4.5. Attenuated total reflectance Fourier transform infrared
pectroscopy (ATR/FTIR)

Absorbance spectrum of the starch-based films were recorded
n a Nicolet 8700 Fourier transform infrared spectrometer using
he single reflection horizontal attenuated total reflectance (ATR)
ccessory Smart Orbit, with diamond crystal at an incident angle of
5◦. The spectra were obtained with a resolution of 4 cm−1 as the
verage of 64 scans.

.4.6. X-ray diffraction
Matrix and composite films were submitted to X-ray radia-

ion using a diffractometer Philips, model PW 1510 with a vertical
oniometer operating at Cu K� radiation wavelength (� = 1.542 Å),
0 kV, 30 mA and sampling interval of 0.02◦. Scattered radiation
as detected in the angular range 10–35◦ (2�).

.4.7. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out for both the matrix

nd the composite, using a Perkin–Elmer TGA-50H instrument
nder nitrogen atmosphere at 30 ml min−1 and at a heating rate of
◦C min−1. The temperature scan was run from room temperature

o 500 ◦C.
lymers 84 (2011) 203–210 205

3. Results and discussions

3.1. Characterization of waxy maize starch nanocrystals

Fig. 1a shows TEM micrographs of waxy maize starch nanoparti-
cles. TEM observations were performed using a drop of a suspension
of nanocrystals in water that was previously sonicated.

The morphology of the nanocrystals is similar to the one
reported in our previous study (García et al., 2009) and also by
others authors (Chen, Cao, Chang, & Huneault, 2008; Namazi &
Dadkhah, 2010). The primary nanoparticles have an average size
below 50 nm and form aggregates of around 1 �m. These aggre-
gates result from the high density of OH groups inherent to any
polysaccharidic material and present in the surface of individual
nanocrystals. The nanoparticles display therefore a high tendency
to strongly associate with each other by hydrogen bonding forces.

Fig. 1b shows a FE-SEM micrograph of a drop of starch nanocrys-
tals suspension. It is observed that the nanocrystals form an
associated structure of individual crystalline lamellae looking like a
kind of “bouquet”. This architecture is similar to the observations of
Oostergetel and van Bruggen (1993), who proposed a helix organi-
Fig. 1. (a) Transmission electron micrographs of a dilute suspension of waxy maize
starch. (b) Scanning electron micrographs (FE-SEM) of a dilute suspension of waxy
maize starch nanocrystals.
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ig. 2. Isochronal evolution of the logarithm of the relative storage modulus and
angent of the phase angle at 1 Hz as a function of temperature for the glycerol
lasticized starch matrix and related nanocomposite reinforced with 2.5 wt.% waxy
aize starch nanocrystals.

.2. Characterization of glycerol plasticized and unplasticized
lms

As indicated in Section 2, both glycerol plasticized and unplasti-
ized starch matrices and related nanocomposites reinforced with
.5 wt.% starch nanocrystals were prepared. Films were character-

zed through different techniques (DMA, WVP, X-ray diffraction and
GA), although unfortunately, unplasticized films were too brittle
o allow measurements with various of these methods.

.2.1. Dynamic mechanical analysis (DMA)
Fig. 2 presents the isochronal evolution (1 Hz) of both the loga-

ithm of the relative storage modulus (E′/E′g), defined as the ratio
etween the actual modulus and the modulus in the glassy state,
nd the tangent of the phase angle tan ı, as a function of tempera-
ure. Measurements were performed for the glycerol plasticized
tarch matrix and related composite reinforced with 2.5 wt.% of
tarch nanocrystals.

The evolution of tan ı (solid line for the matrix and filled cir-
les for the composite in Fig. 2) with temperature displays two
elaxation processes. These two relaxations occur in the temper-
ture range where the modulus drops, and are representative of
he heterogeneous nature of the glycerol plasticized starch system,
n already well-known feature. The low temperature relaxation
rocess is ascribed to the main relaxation associated with the
lass transition of glycerol-rich domains whereas the high tem-
erature relaxation corresponds to starch-rich domains, as already
eported (De Menezes, Siqueira, Curvelo, & Dufresne, 2009; Forsell,
ikkila,Moates, & Parker, 1997).
Globally, adding starch nanocrystals induces a shift towards

igher temperatures, a broadening and a magnitude decrease of
he two relaxation processes. In particular, in the present study,
he shift of the main relaxation of the glycerol-rich phase is sig-
ificant (from −68 ◦C to −53 ◦C) when adding only 2.5 wt.% starch
anocrystals. It is an indication that starch nanocrystals are much
ore compatible with the glycerol-rich phase than with the waxy
aize starch-rich phase, therefore it is suggested that the filler

as mainly located in the glycerol-rich domains of the matrix,

n agreement with Anglès and Dufresne (2001), where a migra-
ion of the main plasticizer from the amylopectin-rich domains
owards the filler/matrix interface was observed in plasticized
tarch tunicin whiskers nanocomposites. Also the broadening of
lymers 84 (2011) 203–210

the relaxation is probably induced by a wide distribution of friction
mechanisms.

Clearly, the type of starch used as the matrix has a remarkable
effect on the morphology and corresponding phase relaxations.
Thus, in a previous research focused on starch nanocrystals
reinforced-cassava starch films plasticized with glycerol, it was
shown an almost negligible increase of the low temperature relax-
ation process associated with a relocation of glycerol induced by
specific interactions between the filler and the main plasticizer
(García et al., 2009).

Regarding the logarithm of the relative storage modulus, the
most important feature is the significant reinforcing effect observed
in the rubbery state of the matrix by addition of just 2.5 wt.%
nanocrystals. Indeed, the modulus drop through Tg is much more
significant for the unfilled matrix (nearly three decades) than for
composite (around two decades). At 50 ◦C, the storage rubbery
modulus of the nanocomposite film reinforced with 2.5 wt.% starch
nanocrystals is roughly 470% higher than the one of the unfilled
matrix.

3.2.2. Morphological characterization by SEM
Figs. 3 and 4 show micrographs of the cryo-fractured surfaces

of glycerol plasticized and unplasticized composite films, respec-
tively, containing 2.5 wt.% nanocrystals.

By comparing both sets of composites, a completely differ-
ent aspect is observed. The unplasticized sample (Fig. 5) displays
a rather smooth homogeneous surface associated with a brittle
fracture. For the plasticized composite specimen (Fig. 4), a nano-
metric fibrillar structure is observed. It will be refered as starch
“nanothreads” afterwards. As shown in Fig. 3, these nanothreads
appear throughout the whole fractured surface. Since they are not
observed in the filled unplasticized starch material (Fig. 5), these
structures must be associated to the presence of glycerol. From
DMA experiments, a close association of starch nanocrystals with
glycerol-rich domains in the matrix was suspected. It is proposed
to ascribe the nanothread structure to nanoparticles included in
glycerol-rich domains. Probably, the high livel of glycerol used (50%
related to starch) increased the phase separation and was respon-
sible for the higher interaction of glycerol with nanocrystals.

It was recently shown by Angellier-Coussy, Putaux, Molina-
Boisseau, Dufresne, Bertoft, and Perez (2009), that acid hydrolysis of
waxy maize starch resulted in a population of branched and linear
dextrins. It was reported that nanocrystals correspond to crystalline
lamellae present in native starch granules and that between 150
and 300 double-helical components are making up these crystalline
domains. We therefore suspect that the fibrillar structure observed
in Fig. 3 results from the association of aggregated nanocrystals
through glycerol. It seems that glycerol wraps or covers aggre-
gates of nanocrystals, and acts promoting the growth of the starch
nanothreads. Besides, according to the proposed by Anglès and
Dufresne (2001) in a composite cellulose/starch, the amylopectin
of the starch matrix can crystallize on the surface of the nanocrys-
tals due to the accumulation of plasticizers (glycerol and water) in
this region. Then, it is proposed that the nanothreads are formed
by the nanocrystals, glycerol and transcrystalized amylopectine

3.2.3. Water vapor permeability (WVP)
The WVP values measured were (3.8 ± 0.3) ×

10−10 g s−1 m−1 Pa−1 for the unfilled plasticized film, and
(6.8 ± 0.1) × 10−10 g s−1 m−1 Pa−1 for the plasticized film reinforced
with 2.5% of nanocrystals. It can be seen that the permeability to

water vapor increases (by 79%) upon the addition of only 2.5 wt.%
waxy maize starch nanocrystals. This result is opposite to the
one obtained using a cassava starch matrix (García et al., 2009)
and in natural rubber films (Angellier, Molina-Boisseau, Lebrun,
& Dufresne, 2005), where the nanocrystals were well distributed,
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Fig. 3. Scanning electron micrographs from the fractured surface of glycerol plasticized composite film containing 2.5 wt.% nanocrystals.

Fig. 4. Scanning electron micrographs from the fractured surface of unplasticized composite film containing 2.5 wt.% nanocrystals.
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crystallinity of the waxy maize starch matrix upon addition of
2.5 wt.% nanocrystals. The patterns obtained for both films, the
matrix and the composite, are shown in Fig. 7. Experiments were
performed in the interval 4–30◦ (2�), identifying the most intense
ig. 5. Infrared spectra in the spectral (a) 4000–1500 cm−1 and (b) 1500–700 cm−1

egion for glycerol plasticized starch matrix and related nanocomposite reinforced
ith 2.5 wt.% waxy maize starch nanocrystals.

enerating a tortuous path for the water vapor diffusion and
onsequently inducing a decrease of the permeability of the films
o both water vapor and oxygen. On the contrary, in this case
he nanocrystals are glue–glycerol bonded, forming threads with
igh concentration of OH and thus, forming a preferential path

or water vapor diffusion through the nanothreads, which clearly
ncreases the permeability of the film.

.2.4. Attenuated total reflectance Fourier transform infrared
pectroscopy (ATR/FTIR)

Fig. 5a and b show the FTIR spectra obtained for the glycerol
lasticized waxy maize starch sample and related composite rein-
orced with 2.5 wt.% starch nanocrystals in the 4000–1500 cm−1

nd 1500–700 cm−1 region, respectively. No significant difference
as observed between both specimens in the two FTIR spectral

egions. The short-range order defined as the double helical con-
ormation and revealed by the ratio of the 995/1022 cm−1 did not

ary contrarily to what was reported for glycerol plasticized cassava
tarch reinforced with starch nanocrystals by García et al. (2009).

Fig. 6 shows the FTIR spectra of the unplasticized waxy maize
tarch film (matrix) and related composite reinforced with 2.5 wt.%
anocrystals in the wavenumber range 1300–700 cm−1. Again,
Fig. 6. Infrared spectra in the spectral 1300–700 cm−1 region for unplasticized
starch matrix and related nanocomposite reinforced with 2.5 wt.% waxy maize
starch nanocrystals.

the neat unplasticized starch and composite films display simi-
lar features in the whole FTIR spectral range. However, comparing
the spectra in the region around 1000 cm−1 for unplasticized and
glycerol plasticized composite, it is revealed that the ratio of the
995/1022 cm−1 peaks is significantly higher for the unplasticized
sample, driving from a nematic to a smectic structure as proposed
by Capron et al. (2007). Nanocrystals aggregates contribute to the
local order only in the presence of glycerol. These observations con-
firm the close association of starch nanocrystals with glycerol and
their helicoidal structure organization.

3.2.5. X-ray diffraction
X-ray diffraction was used to observe potential changes in the
Fig. 7. X-ray diffraction patterns for glycerol plasticized starch matrix and related
nanocomposite reinforced with 2.5 wt.% waxy maize starch nanocrystals.
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ig. 8. TGA for glycerol plasticized starch matrix and related nanocomposite rein-
orced with 2.5 wt.% waxy maize starch nanocrystals. The curve corresponding to
tarch nanocrystals has been added as reference.

eaks and calculating the distances between crystalline planes, d
Å), from the diffraction angles (◦) according to Bragg’s law: n� = 2d
in �; where � is the wavelength of the X-ray beam and n the order
f reflection. Both films display typical diffraction peaks of B-type
rystalline structure, with peaks at 2� = 17◦ and 20◦, corresponding
o d spacing of 5.2 Å and 4.4 Å, respectively. The peaks at 5.6◦, 22◦

nd 24◦ (d spacing of 15.8 Å, 4 Å and 3.7 Å) are hardly noticeable. For
he nanocomposite film, additional diffraction peaks characteristic
f the A-type allomorph are detected, even if the starch nanocrystal
ontent is low. Peaks around 15◦, 17–18◦ and 23◦ are observed.

.2.6. Thermogravimetric analyses TGA
Thermogravimetric analysis (TGA) measurements were carried

ut to access the thermal stability of glycerol plasticized waxy
aize starch with and without starch nanocrystals. Results are

hown in Fig. 8. The thermal decomposition of the starchy matrix
ccurs in three main steps, as reported in the literature (Jiang,
iao, & Sun, 2006; Rajan, Prasad, & Abraham, 2006; Rath & Singh,
998; Wilhelm, Sierakowski, Souza„,& Wypych, 2003). The first
tage corresponds to the loss of water and low-molecular-weight
ompounds. The second stage is due to the decomposition of
he glycerol-rich phase and nanocrystals (the TGA curve obtained
or freeze-dried nanocrystals was used as reference, solid line in
ig. 8), and the third stage corresponds to the oxidation of the par-
ially decomposed starch (Wilhelm et al., 2003). The mass drop
ssociated with the loss of water is much lower for nanocrystals
ompared to other samples because of the freeze-drying.

A significant mass loss (around 36%) is observed for the plas-
icized composite film in the temperature range 80–280 ◦C. It is
scribed to the decomposition of nanocrystals and glycerol, which
s expected to degrade above 180 ◦C (Cyras, Tolosa Zenklusen, &
azquez, 2006), since the nanocrystal and glycerol content rep-
esents 2.5% and 33% of the total mass, respectively. The lower
hermal stability reported for the composite could be ascribed to a
loser association of glycerol with starch nanoparticles. This more
arked heterogeneous nature for composites probably leads to the

wo-step mass drop observed in Fig. 8.
In addition, during acid hydrolysis via sulfuric acid, acidic sul-
ate ester groups are likely formed on the nanoparticle surface.
t was shown for cellulose nanocrystals that even at low lev-
ls, the ensuing sulfate groups caused a significant decrease in
egradation temperature and an increase in char fraction con-
rming that the sulfate groups act as flame retardants (Roman &
lymers 84 (2011) 203–210 209

Winter, 2004). A similar phenomenon probably occurs with starch
nanocrystals.

TGA curves obtained for the unplasticized starch matrix and
related composite are also included in Fig. 8. Contrarily to glycerol
plasticized samples, the two curves superimpose almost perfectly.
The effect of the addition of starch nanoparticles in the unplas-
ticized matrix is negligible compared to the one induced in the
glycerol plasticized material.

4. Conclusions

Starch nanoparticles were prepared by acid hydrolysis of waxy
maize starch granules. They were used to reinforce a waxy maize
starch matrix obtained by gelatinization. Both unfilled and filled, as
well as unplasticized and glycerol plasticized films were processed
by the casting/evaporation technique. The structure of crystalline
nanoparticles was not affected by the processing method. All the
results lead to the conclusion that a close association exists between
starch nanocrystals and glycerol-rich domains. This association was
supported by SEM, from a peculiar fibrillar morphology for glycerol
plasticized composite, and by DMA, from a strong alteration of the
relaxation process assigned to the glass transition of glycerol-rich
domains. These changes result in an unexpected increase of the
water vapor permeability of the plasticized film upon addition of
starch nanoparticles.
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